Lead is an environmental nephrotoxicant and probable human carcinogen. Elucidating factors predisposing populations to lead toxicity is an important public health issue. Recently, we found that metallothionein-I/-II double knockout (metallothionein-null) mice that are unable to produce the major forms of metallothionein do not produce lead inclusion bodies, which are thought to mitigate lead toxicity, and were sensitive to the subchronic toxic effects of lead exposure (10 weeks), showing modestly diminished renal function and nephromegaly compared with wild-type (WT) mice. It is unclear how this knockout might impact lead carcinogenesis. Thus, the effects of lead(II) acetate were tested in groups (n ‫؍‬ 25) of male metallothionein-null and WT mice receiving drinking water with 0, 1,000, 2,000, or 4,000 parts per million lead for up to 104 weeks. Renal proliferative lesions (adenoma and cystic tubular atypical hyperplasia) were much more common and more severe in lead-exposed metallothionein-null mice than in WT mice. A metastatic renal cell carcinoma also occurred in a lead-treated metallothionein-null mouse, whereas none occurred in WT mice. Lead-induced renal proliferative lesions showed marked overexpression of cyclin D1, a common feature of human renal tumors. Renal lead-containing nuclear inclusion bodies were frequently observed in WT mice but did not form in metallothionein-null mice. Metallothionein was often found associated with the outer portion of these inclusion bodies. Thus, the metallothionein-null mice cannot form renal inclusion bodies, even after protracted lead exposure, and this increases the carcinogenic potential of lead. Poor production of metallothionein may predispose human populations to lead carcinogenicity.
INTRODUCTION
Lead is a naturally occurring, ubiquitous, environmental toxicant and potentially carcinogenic metal (1) (2) (3) (4) (5) (6) (7) . Human lead exposure involves a substantial risk, particularly for the young (1) (2) (3) (4) 7) . The toxic effects of lead can manifest in various organs, and the kidney is clearly an important target (1) (2) (3) (4) 7) . Indeed, chronic renal lesions are considered one of the more insidious effects of the metal, in part because it may not be correlated with contemporaneous blood lead levels, which can be a poor indicator of past lead exposure (4) . Lead induces chronic nephropathy and renal dysfunction often associated with hypertension and can occur in adults with a history of childhood lead poisoning (7) . Children appear to be particularly sensitive to lead-induced chronic nephropathy and are considered a highly vulnerable risk group (8) .
Inorganic lead compounds were recently reclassified as probably carcinogenic to humans (9, 10) , and there is suggestive evidence linking renal cancer and lead exposure in humans (5, 6) . Lead is an unequivocal nephrocarcinogen in rodents (1, 9, 10) . In addition, lead commonly induces renal cystic tubular hyperplasia in rodents, considered a preneoplastic lesion leading to adenocarcinoma (11) . There are gender-and age-related differences in sensitivity to lead-induced renal tumors in rodents (1, 12) , although the basis of this sensitivity is uncertain. Additional research is clearly warranted to help additionally define the mechanisms and potential predisposing factors in renal lead toxicity and carcinogenicity.
A remarkable characteristic of lead poisoning is the production of a protein-lead complex, which appears in renal cells of poisoned humans or animals as inclusion bodies (1, 3, 4, 13) . Lead-induced inclusion bodies are often nuclear, approximately spherical and consist of an electron-dense core with a peripheral fibrillary network (3, 4) . Inclusion bodies first form in the cytoplasm and then migrate to the nucleus (3, 4, 13) . Whether inclusion bodies are a permanent structure or decay with cessation of lead exposure is unknown. Similarly, the origin of the protein component of the inclusion bodies remains uncertain (3) . Lead is highly concentrated in the inclusion bodies, and as much as half of the lead in the kidney may be found here (3, 4) . It is suspected that these complexes are protective in that they may render lead toxicologically inert, thereby blocking interactions with more sensitive cellular targets (3, 4, 13, 14) . Thus, inclusion bodies may play a role in the intracellular partitioning and, possibly, toxicity of lead (4, (13) (14) (15) (16) . The role of inclusion bodies in lead carcinogenesis is undefined.
The metal-binding protein, metallothionein, is thought to play a role in the toxicology of a variety of metals (17) (18) (19) potentially including lead. Metallothionein can be a highly inducible protein, and metals are primary inducers (17, 19, 20) . Lead avidly binds to metallothionein under ex vivo conditions (21) , and lead appears to bind to metallothionein in human erythrocytes (22, 23) . Metallothionein mitigates lead toxicity in cultured cells (13, 24) , and the binding of lead to metallothionein reduces lead-induced inhibition of the enzyme ␦-aminolevulinic acid dehydratase (25) . Recently, we studied the role of metallothionein in the subchronic toxicity of lead, with metallothionein-null (metallothionein-I/II double knockout) mice (13) , which are unable to synthesize the two major forms of metallothionein, compared with wild-type (WT) mice, which produce metallothionein at normal levels. Ten weeks of exposure to lead in the drinking water in metallothionein-null mice did not produce overt nephropathy but did induce dose-related nephromegaly and modest reductions in renal function, effects absent in WT mice (13) . This indicates that poor production of metallothionein may predispose mice to renal toxicity of lead (13) . Unexpectedly, metallothionein-null mice showed a complete lack of lead-induced inclusion body formation (13) . The sensitivity of metallothionein-null mice to lead was not based in altered biokinetics as metallothionein-null mice actually accumulated substantially less (ϳ20%) renal lead than WT mice (13) . Although this study supports a role for metallothionein in reducing the subchronic toxicity of lead (13) , what role metallothionein might play in lead carcinogenesis is unclear, particularly in light of reduced renal accumulation of the metal in metallothionein-null mice. Thus, the present study was designed to investigate the role of metallothionein in chronic lead nephrotoxicity and carcinogenesis with metallothioneinnull mice. General Pathology. A complete necropsy was done on all of the moribund animals, animals found dead, or on mice at the study termination. The following tissues were taken: kidneys, testes, liver, lungs, adrenals, spleen, thymus, pituitary, and all of the grossly abnormal tissues. Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 m, and stained with H&E for histologic analysis. Pathological assessments were done in a blind fashion.
MATERIALS AND METHODS
Renal Pathology. Incidence of renal lesions were determined by histologic analysis of a longitudinal midline section of both kidneys from each mouse. Grossly appearing renal lesions were sectioned separately. The multiplicity of renal proliferative lesions (cystic hyperplasia or tumor) is the average number of lesions observed in a single midline section of both kidneys. To quantify average severity of lead-induced renal proliferative lesions, all of the renal lesions were classified into one of the following groups: absent (severity score ϭ 0); tubular cysts lined by a single layer of abnormal (atypical) hyperplastic epithelium (mild hyperplasia; severity score ϭ 1); tubular cysts lined by two or more layers of abnormal hyperplastic epithelium (moderate hyperplasia; severity score ϭ 2); adenoma characterized by tubular cysts with abnormal hyperplastic cells filling the entire tubular lumen (severity score ϭ 3); or carcinoma (severity score ϭ 4). For incidence data, mice with multiple lesions of different severity were grouped by their most advanced proliferative lesion.
Chronic nephropathy incidence and severity were also quantitated. Leadinduced chronic nephropathy was characterized by tubular degeneration, mineralization, and interstitial fibrosis. To quantify average severity of leadinduced nephropathic lesions, all of the lesions were classified into one of the following four groups: absent (severity score ϭ 0); mild (severity score ϭ 1); moderate (severity score ϭ 2); or severe (severity score ϭ 3). Mild nephropathy is considered an aging lesion in these mice.
The average number of renal nuclear inclusion bodies was assessed in control and lead-treated metallothionein-null and WT mice killed at the end of the study. In 4 mice/group, 200 nuclei from random fields of a midline section of the inner cortex were blindly scored for the presence of inclusion bodies.
Immunohistochemistry. The presence of metallothionein in inclusion bodies of lead-treated WT mice was studied immunohistochemically. A mouse monoclonal antibody (Zymed Laboratories, Inc., San Francisco, CA) against a conserved epitope of the I and II isoforms was used. Paraffin block sections (4 m) were incubated with biotinylated primary antibody (dilution 1:500), and then with streptavidin-peroxidase, followed by reaction with diaminobenzidine/hydrogen peroxide as chromagen substrate. For quantitative analysis, 100 inclusion bodies in random fields from metallothionein-stained sections of kidney (n ϭ 4) were scored as showing strong, moderate-to-weak, or no staining.
Samples sections (4 m) from lead-treated metallothionein-null mice containing representative kidney lesions (including cystic hyperplasia and adenomas) as well as a renal cell carcinoma and its pulmonary metastasis were used to evaluate the presence of cyclin D1. The sections were microwaved after deparaffinization for 10 minutes in citrate buffer. Immunohistochemical detection was done with polyclonal rabbit antihuman cyclin D antibody (Upstate Biotechnology, Lake Placid, NY; dilution 1:2,000). Reactions were visualized with an avidin-biotin-peroxidase kit (Vectastain Elite Kit, Vector Laboratories, Burlingame, CA) with diaminobenzidine as the chromagen. The nuclear counterstain was hematoxylin.
As a negative control with both metallothionein and cyclin D1 to rule out nonspecific binding of antibodies, tissue sections were subjected to the whole procedure, but with omission of primary antibodies from each staining series.
Data Analysis. Data are given as incidence or as mean Ϯ SEM. A probability level of P Յ 0.05 was considered to indicate a significant difference. Incidence is based on numbers of mice available for observation, and the loss of mice to observation (a total of 2) was because of autolysis that was considered too advanced for appropriate diagnosis. In pair-wise comparison of lesion incidence or survival, a one-sided Fisher's exact test was used. To analyze dose-related trends in incidence or survival, a 2 test for trend was used with no correction for unequal spacing of dosage levels. For multiple comparisons of mean lesion severity or multiplicity within the groups of metallothionein-null or WT mice, a two-sided Dunnett's test was used, whereas two-sided Student's t test was used to compare WT and metallothionein-null data at the same dosage level. A linear trend test was used to define dose-related trends in average lesion severity, proliferative lesion multiplicity or inclusion body number. An asterisk (*) indicates a significant difference from phenotype-matched control, a dagger ( †) indicates a significant difference between metallothionein-null and WT mice treated with the same level of lead, and a double dagger ( ‡) indicates significant, dose-related trend within a phenotype.
RESULTS
Survival and Body Weights. Male metallothionein-null and WT mice were placed into groups (n ϭ 25) and given drinking water containing lead at concentrations of 0 (control), 1,000, 2,000, or 4,000 parts per million lead. Mice were killed when moribund or after 104 weeks of treatment. Survival at the end of the study in WT mice was as follows: control, 11 of 25; 1,000 parts per million lead, 8 of 25; 2,000 parts per million lead, 14 of 25; and 4,000 parts per million lead, 5 of 25. Survival at the end of the study in metallothionein-null mice was as follows: control, 11 of 25; 1,000 parts per million lead, 11 of 25; 2,000 parts per million lead, 7 of 25; and 4,000 parts per million lead, 3 of 25. Survival was significantly reduced (P Ͻ 0.05) compared with phenotypic control by lead exposure in both the metallothioneinnull and WT mice at 4,000 parts per million lead. A significant reduction in survival also occurred in metallothionein-null mice given 2,000 parts per million lead compared with WT mice given the same dose of lead. A significant dose-related reduction in survival occurred in metallothionein-null mice but not in WT mice. It is likely that kidney cancers and other renal lesions (see below) contributed to the suppression of long-term survival in metallothionein-null mice.
There were no differences in body weight between control WT and control metallothionein-null mice at any point in the study. The 1,000 parts per million lead dose had no impact on body weight relative to control in either WT or metallothionein-null mice. Significant depressions in body weight did occur in mice treated with 2,000 parts per million or 4,000 parts per million lead. In WT mice, body weight depression occurred starting after 82 weeks of lead exposure. From that point on, body weights in WT mice were suppressed 7 to 9% compared with control at 2,000 parts per million lead 12 to 14% at 4,000 parts per million lead. Metallothionein-null mice showed significant body weight suppression after 54 weeks of lead exposure. From that point on, body weight in metallothionein-null mice was suppressed 7 to 9% compared with control at 2,000 parts per million lead and 14 to 18% at 4,000 parts per million lead. Thus, lead-induced body weight suppression occurred 28 weeks earlier in metallothionein-null mice than in WT mice, although the levels of suppression were similar.
Renal Pathology. All aspects of lead-induced renal pathology were much more pronounced in metallothionein-null mice compared with WT mice. Pathological lesions arising from chronic lead exposure in metallothionein-null mice included renal adenomas characterized by tubular cysts with atypical hyperplastic cells filling the entire tubular lumen. An aggressive renal cell carcinoma also occurred in one metallothionein-null mouse given 2,000 parts per million lead in the drinking water, which metastasized to both the lung and to the adrenal gland. This tumor is remarkable in light of the rarity of spontaneous renal carcinomas in mice. Lead-induced renal proliferative lesions included tubular cysts lined by a single layer of abnormal hyperplastic epithelium (defined as mild hyperplasias) and renal tubular cysts lined by two or more layers of abnormal hyperplastic epithelium but not filling tubular lumen (defined as moderate hyperplasia). Pictorial examples of these lead-induced renal proliferative lesions in mice have been published previously (12) .
Quantitatively, lead-induced renal tumors and hyperplasias were commonly observed in metallothionein-null mice and infrequently seen in WT mice (Table 1 ). In metallothionein-null mice, the incidences of renal adenoma, moderate hyperplasia, and total proliferative lesions (combined mild hyperplasia, moderate hyperplasia, adenoma, and carcinoma) showed significant increases over phenotypic control after lead exposure and strong dose-related trends across the three doses of lead (Table 1 ). In all, the 75 lead-exposed metallothioneinnull mice had 10 renal adenoma and one renal carcinoma. In contrast, in the 73 lead-treated WT mice, only a single adenoma occurred, and the incidence of total renal proliferative lesions was only modestly increased at the highest lead dose. Although the incidence of total renal proliferative lesions showed a clear dose-response relationship in both WT and metallothionein-null animals, the maximum incidence was nearly 3-fold higher in metallothionein-null mice (60%) compared with WT mice (21%). In WT mice, nearly 80% of renal proliferative lesions were mild hyperplasia. In contrast, in lead-treated metallothionein-null animals, 83% of total proliferative lesions were diagnosed as moderate hyperplasias or tumors.
Not only was the incidence of renal proliferative lesions elevated in lead-treated metallothionein-null mice, but the severity and multiplicity of these lesions was also dramatically increased compared with WT mice (Fig. 1) . Average severity of renal proliferative lesions (see Materials and Methods) was significantly increased over phenotypic control at all three doses of lead in the metallothionein-null mice but never reached statistical significance in WT mice (Fig. 1, left) . With regard to the multiplicity of renal proliferative lesions (proliferative lesions/mouse), metallothionein-null animals showed a marked, dose- NOTE. Data expressed as number of mice bearing a given lesion. Mice with multiple lesions of different severity were grouped by their most advanced lesion. Total proliferative lesions includes the combined incidence of mild hyperplasia, moderate hyperplasia, adenoma and carcinoma and is given as the number of mice with at least one proliferative lesion (% total of mice in that group). Data concerns only mice available for pathological analysis.
Abbreviations: MT, metallothionein; ppm, parts per million. * Significantly different (P Ͻ 0.05) compared to phenotypic control. † Significantly different (P Ͻ 0.05) compared to dosage matched WT mice. ‡ A significant trend (P Ͻ 0.05) across all doses within a phenotype. Fig. 1 . Multiplicity (left) and severity (right) of renal proliferative lesions in WT and metallothionein-null mice exposed to lead in the drinking water. Severity was blindly scored as absent (score ϭ 0), mild hyperplasia (1), moderate hyperplasia (2), adenoma (3), or carcinoma (4) [see Materials and Methods]. Lesion multiplicity represents the number of proliferative lesions/mouse. Bars, ϮSEM (n ϭ 24 to 25). *, significant difference from phenotypic control; †, significant difference from dosage matched WT mice. A significant trend across all of the doses occurred for severity for both WT (P ϭ 0.013) and metallothionein-null (P Ͻ 0.0001) mice. Similarly, a significant trend across all of the doses occurred for multiplicity for both WT (P ϭ 0.018) and metallothionein-null (P ϭ 0.0024) mice. (MT, metallothionein; ppm, parts per million) related increase to over 2 lesions/mouse after lead exposure (Fig. 1,  right) . In fact, some lead-treated metallothionein-null mice had as many as 8 proliferative lesions. Lead exposure did not substantially increase renal proliferative lesions multiplicity at any dose of lead in WT mice.
When overexpressed, cyclin D1 is considered an oncogene and is associated with various cancers, including human renal cell carcinoma (27, 28) . To see if similar molecular changes occurred during lead carcinogenesis in metallothionein-null mice, lead-induced renal proliferative lesions were assessed immunohistochemically for cyclin D1 (Fig. 2) . All stages of renal proliferative lesions stained intensely for cyclin D1, with prominent nuclear localization. Examples of staining in moderate hyperplasia and carcinoma are shown. The renal carcinoma metastasis to the lung also showed intense cyclin D1 staining (data not shown). Very weak or no cyclin D1 staining was observed in the nuclei and cells of the surrounding normal renal tubular epithelium.
Mild chronic nephropathy, a common aging lesion in mice, occurred to a similar extent in controls and lead-treated mice regardless of phenotype. The incidence of more serious chronic nephropathy (moderate or severe) was high in lead-treated metallothionein-null mice with a clear relationship to lead dose (Table 2) . Lead-induced chronic nephropathy included tubular degeneration, necrosis, mineralization, and interstitial fibrosis. The severity of lead-induced nephropathy was also greatly increased in metallothionein-null mice (Fig. 3) . In lead-treated WT mice, the incidence and severity of chronic nephropathy was not significantly different from control.
Renal Inclusion Bodies. Lead-induced nuclear inclusion bodies of kidney cells are considered pathognomic of chronic lead exposure and did not occur in control WT or control metallothionein-null mice. These bodies were common in the kidneys of WT mice exposed to lead but were totally absent in kidneys of lead-treated metallothionein-null mice regardless of lead exposure. In WT mice, the average number of inclusion bodies/200 nuclei from random renal cortical fields was 0.0 Ϯ 0.0 (mean Ϯ SEM) in control, 11 Ϯ 0.6 at 1,000 parts per million lead, 15 Ϯ 0.6 at 2,000 parts per million lead, and 19 Ϯ 0.9 at 4,000 parts per million lead. The number of inclusion bodies was significantly increased compared with WT control and dose matched metallothionein-null mice at all of the lead doses. A significant dose-related trend occurred for inclusion body formation in WT mice. The appearance of these inclusion bodies has been well described, and light and electron photomicrographs of these lesions in the kidneys of the strain of WT mice used in the present study are available (13) .
Because metallothionein-null mice were unable to form leadcontaining nuclear inclusion bodies, to see if metallothionein was involved with these inclusions in lead-treated WT mice, samples of renal cortex were subjected to immunohistochemical analysis for metallothionein. Many, but not all, lead-induced inclusion bodies stained intensely for metallothionein in lead-exposed WT mice, and it appeared to be associated with the surface of the structure (Fig. 4) . In other inclusion bodies metallothionein staining was less intense or absent. To quantitate the presence of metallothionein in these inclusion bodies, the intensity of metallothionein staining was scored as strong, moderate-to-weak, or absent in 100 inclusions each from kidney sections of four different lead-treated WT mice. This analysis indicated 16 Ϯ 1.2% (mean Ϯ SEM) of the inclusion bodies showed strong staining for metallothionein, 28.7 Ϯ 1.8% showed moderateto-weak staining, whereas 55.3 Ϯ 1.3 did not show significant metallothionein staining. (Table 3) . Control metallothionein-null mice had a higher spontaneous rate of total hepatocellular tumors (52%) compared with WT control mice (24%). Furthermore, no hepatocellular carcinomas occurred in the 98 total WT mice, whereas 6 hepatocellular carcinoma occurred in the 100 metallothionein-null mice (P ϭ 0.015). Unexpectedly, lead suppressed hepatocellular tumor formation in both the metallothioneinnull and WT mice.
Lung tumors were common and not altered by lead exposure. Lung tumors in WT mice included the following: control, 8 adenoma and 7 carcinoma; 1,000 parts per million lead, 5 adenoma and 8 carcinoma; 2,000 parts per million lead, 8 adenoma and 5 carcinoma; and 4,000 parts per million lead, 6 adenoma and 8 carcinoma. Lung tumors in metallothionein-null mice included the following: control, 7 adenoma and 8 carcinoma; 1,000 parts per million lead, 8 adenoma and 4 carcinoma; 2,000 parts per million lead, 5 adenoma and 7 carcinoma; and 4,000 parts per million lead, 5 adenoma and 4 carcinoma.
Other spontaneous tumors not altered by lead exposure in metallothionein-null mice (n ϭ 100) included the following: 6 lymphoma, 3 testicular teratoma, 3 hemangiosarcoma, 3 hemangioma, a Harderian gland adenoma, a pituitary adenoma, a lymphosarcoma, a cholangioma, and an adrenal cortical adenoma. Spontaneous tumors that were not associated with lead exposure in WT mice (n ϭ 98) included the following: 3 testicular teratoma, 2 hemangioma, 3 hemangiosarcoma, 2 Harderian gland carcinoma, 2 Harderian gland adenoma, 2 lymphoma, a pituitary adenoma, a lung mesothelioma, a pancreatic islet cell adenocarcinoma, and a forestomach squamous cell carcinoma.
DISCUSSION
Lead is considered one of the most hazardous contaminants of the human environment. Genetic susceptibility is a critical contributing factor to the widely different toxic responses in individuals exposed to similar levels of environmental toxicants potentially including lead (29, 30) . The present work unequivocally demonstrates that the inability to express the major isoforms of the metallothionein gene created a profoundly heightened sensitivity to the nephrotoxic effects of lead in mice. This exacerbated toxic response includes nephrocarcinogenicity, as evidenced by a remarkable increase in incidence, severity and multiplicity of renal proliferative lesions, including tumors, in metallothionein-null mice. Indeed, the renal cell carcinoma observed in a lead-treated metallothionein-null mouse is remarkable because of the rarity of spontaneous renal carcinomas in mice. The observation of marked overexpression of cyclin D1 in lead-induced renal tumors and other proliferative lesions is consistent with its overexpression in human renal carcinoma (27, 28) . The incidence and severity of chronic lead nephropathy was also greatly increased in metallothionein-null mice but did not occur to a significant extent in WT mice. In addition, the ability to synthesize metallothionein appears mechanistically linked to formation of lead-induced inclusion bodies, which, in turn, appear to be critical in the adaptive response of target renal cells to the chronic toxic effects of inorganic lead. The actual association of metallothionein with a subset of lead-induced nuclear inclusion bodies in WT mice strongly points to a significant role for this protein in their formation. Given the concern that there may be no lower threshold for the adverse effects of lead in exposed human populations (31, 32) , any factor that predisposes individuals to Fig. 4 . Immunohistochemical analysis of metallothionein staining intensity and localization in lead-induced nuclear inclusion bodies from the kidneys of WT mice. A mouse monoclonal antibody against a conserved epitope of metallothionein-I and metallothionein-II isoforms was used. Representative section including inclusion bodies showing intense surface staining (dark brown; ϫ400). NOTE. Data expressed as number of mice bearing the specified grade of liver tumor. Data concerns only mice available for pathological analysis.
In cases of multiple tumors in the same tissue, the animal is assigned to the appropriate group based on its most advanced lesion. Total tumor incidence is defined as those mice bearing at least one benign or malignant hepatocellular tumor.
Abbreviations: MT, metallothionein; ppm, parts per million. * Significantly different (P Ͻ 0.05) compared to phenotypic control. † Significantly different (P Ͻ 0.05) compared to dosage matched WT mice. ‡ A significant trend (P Ͻ 0.05) across all doses within a phenotype. lead toxicity takes on great importance. In this regard, control of metallothionein expression follows a complex, incompletely defined pattern dictated by factors like tissue, cell type, metal exposure, ontogeny, gender, and physiologic or pathological status, to name a few (17, 20) . In humans, interindividual metallothionein expression can vary greatly even in the same cell type (33, 34) for reasons that are not completely understood. For instance, in human blood lymphocytes from 16 individuals, the expression of metallothionein after in vitro exposure to a metallic inducer showed a 35-fold difference from the lowest to the highest responder (33) , whereas in autopsy samples of kidney from Japanese adults, there is a distinct subgroup that poorly expresses renal metallothionein (35) . The results of the present work indicate that such variability in expression might well impact renal toxicity and carcinogenicity in humans after lead exposure.
It appears that a subpopulation of lead-exposed workers can exhibit lead intoxication at relatively low blood lead levels (36) , and lead toxicity in humans is known to be dictated by individual susceptibility (22) . In this regard, a comparative study of lead speciation in erythrocytes in two lead-exposed workers provides evidence of a specific role for metallothionein in the sensitivity to lead toxicity (22) . Although both workers were heavily exposed and had similar blood lead levels, one displayed clear symptoms of lead toxicity, whereas the other was totally asymptomatic (22) . In the asymptomatic worker, ϳ70% of erythrocytic lead was associated with a metallothionein-like protein compared with only 20% in the lead-intoxicated individual (22) . Additional study of this lead-binding protein showed biochemical characteristics consistent with metallothionein (22, 23) . The limited number of subjects in this series of studies (22, 23) dictates caution when interpreting these findings, and there is no clear evidence that blood-borne metallothionein levels correlate with levels in other tissues like the kidney. However, the remarkable interindividual variability in human metallothionein expression (33, 34) together with the clear correlation between poor expression of metallothionein and lead-induced renal toxicity and carcinogenesis in mice (present study) indicate that this metal-binding protein could be an important factor in human susceptibility to lead. Additional research on metallothionein as a component of human sensitivity to lead toxicity is clearly warranted.
Although malignant renal tumors were uncommon in the present study, there was a marked increase in the incidence of renal adenoma and cystic hyperplasia, which are considered precursor lesions to renal cell carcinoma, in lead-treated metallothionein-null mice compared to WT mice. Furthermore, both the multiplicity and severity of renal proliferative lesions were markedly increased in lead-treated metallothionein-null animals. Lead-induced renal cancers in rodents are often found against a background of preneoplastic renal epithelial cell hyperplasia (1, 12, 37) , as was observed in the present study, fortifying the concept that they are indeed pretumorous lesions. In this regard, poor metallothionein expression has been associated with renal cell carcinoma in several studies (38 -40) . For instance, in a recent gene expression profiling survey of human renal cell carcinomas, coordinate down-regulation of all of the metallothionein forms was a common change in gene expression (38) . Others have detected a reduction in metallothionein expression in human renal carcinomas in comparison to non-neoplastic tissue from the same patients (39, 40) . Whether metallothionein expression is a cause or consequence of renal cancer cannot be defined by these studies. However, given the remarkably heightened sensitivity to lead-induced, proliferative lesions that occurred in mice poorly expressing metallothionein throughout their life and observed reductions in metallothionein expression in human renal cell carcinomas (38 -40) , it would be of interest to determine whether poor metallothionein expression played a general role in sensitivity to renal carcinogenesis. Indeed, based on diminished mutation rates in metallothionein-overexpressing cells, and because there is variability in human metallothionein expression, it has been proposed that low metallothionein expression might be a general risk factor for cancer (41) .
The inability to produce inclusion bodies on chronic exposure to lead was associated with the high frequency and severity of renal proliferative lesions and chronic nephropathy in metallothionein-null mice. In WT mice, which displayed much more limited renal pathology after chronic lead exposure, inclusion bodies were common in kidney cells. Additionally, a substantial number (16%) of leadinduced inclusion bodies stained intensely for the presence of metallothionein, and this metallothionein appeared to be associated with the outer surface of the inclusions. This might indicate some function for metallothionein in initial lead transport or could reflect aberrant essential metal trafficking induced by lead. In our initial screening of the immunohistochemical localization of metallothionein in inclusion bodies (13), we found no clear association between metallothionein and the inclusions. This is perhaps because of the limited number of sections investigated in our initial study (13) or reflects a difference in the length of lead exposure, which in the present study was up to 2 years but in our prior work was only for 10 weeks (13) . In any event, it is clear from the present work and our earlier subchronic study (13) that metallothionein plays a key role in production of lead-induced inclusion body formation, although its exact role remains to be established. It has been proposed that inclusion bodies are a cellular adaptation mechanism whereby lead is sequestered in a relatively inert and, therefore, nontoxic form (3, 4, 13, 14) . The results of the present study provide unequivocal evidence that the inability to form inclusion bodies greatly exaggerates the chronic toxicity of lead to the kidney. We are now directing research to determine whether metallothionein facilitates the formation or is actually part of the leadinduced inclusion bodies.
Interestingly, a recent test of acute lethality of various metals in metallothionein-null and WT mice with an escalating dosage scheme found that metallothionein provided no protection against the acute lethal effects of injected lead (19) . Thus, it appears that although metallothionein reduces the subchronic and chronic toxic effects of lead, it does not prevent events associated with high doses and early lethality (19) . In this regard, in vitro studies have shown inclusion bodies take at least 24 hours after lead exposure to be formed in kidney cells (42) . These data indicate that inclusion bodies are an adaptive response that is not normally operating and only becomes functional some time after the initial exposure to lead. As such, it would appear that different factors dictate sensitivity to the acute versus the chronic toxic effects of lead.
Control metallothionein-null mice had a higher incidence of spontaneous hepatocellular tumors than control WT mice. This included several cases of hepatocellular carcinoma in metallothionein-null mice, whereas only benign tumors occurred in WT mice. The increase in liver cancers in control metallothionein-null mice is interesting in light of the report that metal-induced overexpression of hepatic metallothionein greatly reduces spontaneous liver tumors in C3H mice (43) . Furthermore, metallothionein-transgenic mice that constitutively overexpress metallothionein-I at levels up to 20ϫ WT control, also show a marked decrease in spontaneous tumor formation (44) . Because increased cellular metallothionein is correlated with reduced spontaneous mutations, it is thought that low metallothionein expression could be a general risk factor for tumor development (41) . The present findings provide additional evidence that the presence of metallothionein may reduce spontaneous carcinogenesis. In addition, lead exposure suppressed hepatocellular tumor formation in both metallothionein-null and WT mice. Other metals, like cadmium (45), can reduce liver tumor formation in rodents, although the mechanism for this suppression is not known.
In summary, metallothionein-null mice are unable to form renal inclusion bodies in response to chronic lead exposure and are remarkably susceptible to development of lead-induced neoplastic, preneoplastic, and chronic toxic kidney lesions. Although the exact role of lead-induced inclusion body formation is not known, our results strongly suggest that the inability to produce these lead-containing bodies renders mice hypersensitive to the carcinogenic and chronic toxic effects of this metal. Efforts to define the role of metallothionein in the sensitivity of human populations to lead intoxication should be a research priority.
